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Abstract: All countries around the world are blessed with particularly rich cultural heritage. 17 
Nowadays, many researchers are exploring different methods for documentation, management 18 
and sustainability of cultural heritage. The aim of this article is to review the state of the art 19 
documentation, management and sustainability techniques in the field of cultural heritage based 20 
on the case study in the Museum of King Jan III’s Palace at Wilanów. Various 2D/3D image- and 21 
range-based methods are discussed demonstrating their applications and drawbacks. The 22 
geographical information system (GIS) is presented as a method for management, storage and 23 
maintenance of cultural heritage documentation. 24 
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 27 
1. Introduction 28 
The processes of contemporary social and cultural transformation have been undergoing 29 
profound changes in which the important role of cultural factors is increasingly being recognised. In 30 
this context, it is worth quoting the position of the Polish National Commission for UNESCO: “In the 31 
21st-century of our era, the fundamental, although still developing and emerging, element of culture, 32 
which is the essence of sustainable development, has gained significance. A condition sine qua non 33 
for the concept of sustainable development to be fully implemented is its implementation in all 34 
societies. On the other hand, culture can be both a goal and a subject of development, as well as a 35 
means for such development, and a conditioning and directing regulator of development generated 36 
by individual causative factors” [1]. 37 
It should be noted that the 21st-century approach to the protection of monuments, and cultural 38 
heritage in general, is radically different from the activities undertaken even a quarter of a century 39 
ago. At present, it is increasingly becoming an expression of an interdisciplinary approach to culture 40 
and its importance in the process of sustainable development. “Postmodernity” and “globalisation” 41 
are the vectors that most often describe the dynamics of modern transformation processes. Among 42 
the most important changes affecting the perception and reception of culture as the third decade of 43 
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the 21st century is approaching, one should certainly mention technological progress. It is radically 44 
changing the way information is created and transmitted, and it increases public participation in the 45 
processes relating to both culture in general and documenting monuments in particular. For 46 
example, advanced high-tech methods now allow for a non-invasive examination of a building’s 47 
condition. 48 
The aim of this article, prepared by a multidisciplinary research group with representatives of 49 
both engineering sciences and humanities, is to demonstrate how modern technologies can change 50 
the current state of cultural heritage and contribute to its protection and promotion. Using the 51 
example of activities undertaken at the Museum of King Jan III’s Palace at Wilanów, the aim is to 52 
show that the development and popularization of culture can take place in accordance with the 53 
principles of sustainable development. 54 
2. Sustainability in Cultural Heritage 55 
The essence of alternative development known as “sustainable development” has become a 56 
fundamental element of modern culture – the culture of late modernity. It is worth remembering 57 
that sustainable development was a term that initially described only an economic perspective. 58 
Nowadays it has gained a significantly broader interpretation, as a process that meets the needs of 59 
the present without compromising the ability of future generations to meet their own needs, and in 60 
which economic, cultural, social and environmental aspects of sustainable development 61 
complement each other [2]. “The protection, promotion and maintenance of cultural diversity are an 62 
essential requirement for sustainable development for the benefit of present and future generations” 63 
(Article 2.6), which contribute to the development of social and cultural wellbeing for both 64 
individuals and collectives, and to sustaining creativity and vitality within cultures and institutions 65 
[3]. The inclusion of culture in development policy at all levels (local, national, regional and 66 
international) contributes to the protection and promotion of the diversity of cultural expression, 67 
and also to the accessibility and participation of everyone. 68 
It seems that the idea of the protection of cultural heritage being a factor slowing down 69 
economic development – something that has been present in the social mentality for generations– is 70 
falling out of favour, since both local authorities and private sector representatives are becoming 71 
increasingly aware that cultural heritage and its preservation can bring numerous economic 72 
benefits. Among these benefits there are the creation of income and jobs, opportunities for vocational 73 
training and the preservation of crafts, the revitalisation of city centres and an increase in tourism 74 
related to cultural heritage, all of which can lead to an increase in real estate value, the strengthening 75 
of small businesses and other bonuses.  76 
Numerous academic publications have contributed to the shift in this paradigm, as have 77 
national and EU programmes that encourage the implementation of sustainable development 78 
politics in the cultural sector [4-7]. Sustainable development is now an area of interest for many 79 
international organisations, such as the United Nations Environment Programme (UNEP) [8], 80 
United Nations Development Programme (UNDP) [9], and the European Union institutions, such as 81 
the European Parliament, the European Commission and the European Economic and Social 82 
Committee. Dedicated EU initiatives that address the issues of sustainable developments – such as 83 
Horizon 2020 [10] and the European Fund for Sustainable Development in the regions [11] – are also 84 
worth mentioning.  85 
However, it is necessary to recognise cultural heritage as a valuable resource and an incentive 86 
for development in order to implement a strategy of sustainable development and improvement of 87 
the quality of life. Cultural heritage can contribute to the improvement of communities’ wellbeing 88 
and quality of life, it can help mitigate the effects of cultural globalisation, and it can become a 89 
stimulus for sustainable economic development. The Museum of King Jan III’s Palace at Wilanów is 90 
a cultural centre that attempts to carry out its tasks in accordance with the principles of sustainable 91 
development. A confirmation of this can be found in its statute, Article 5, which states that: “The 92 
purpose of the Museum is to preserve for the future generations the cultural heritage, namely the 93 
historic residence in Wilanów with its historical museum pieces, acquired collections and existing, 94 
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within the institution and in its vicinity, historic buildings, gardens and parks with historical artistic 95 
designs and technical equipment” [12]. The Museum also conducts a number of activities that 96 
demonstrate the implementation of the principles of sustainable development in this institution. The 97 
first principle is a comprehensive educational mission led by the museum, which aims to bring 98 
visitors closer to the cultural heritage of Wilanów. This is implemented through such initiatives as 99 
themed lessons and outdoor events, as well as through extensive academic promotional activity on 100 
websites and social media channels. It is worth mentioning “The Passage to Knowledge”, an 101 
educational portal available on the museum’s website [13], where the museum publishes articles on 102 
Old-Polish history and culture by experts in various fields of knowledge such as academic 103 
communities, museologists, columnists and opinion journalists. This makes "The Passage to 104 
Knowledge" a reliable source, offering some revealing insights into the Polish-Lithuanian 105 
Commonwealth as seen against the background of modern Europe. 106 
The second area of the institution’s interest relates to the development of the wider Wilanów 107 
district – the palace’s neighbourhood – for which the museum has been an active partner in 108 
maintaining the principles of sustainable development. This activity is carried out in three main 109 
areas: development of public space, monument protection and environmental protection. The 110 
palace’s surroundings in Wilanów provide exceptional wealth that, on the one hand, should be 111 
protected from increasing urbanisation, while on the other hand also being popularised and made 112 
accessible to the public. The institution also undertakes numerous initiatives aimed at protecting the 113 
natural environment –it is worth mentioning that the museum is the guardian of two historic parks: 114 
the Wilanów Park and the Morysin reserve, which includes a lake, a stream and thirteen thousand 115 
trees. The Wilanów Palace Museum observes changes in the landscape of its surroundings, points 116 
out to investors engaging their capital in its vicinity that the implementation of the principle of 117 
sustainable development in their own spatial and ownership structure is the fundamental 118 
requirement. 119 
Also among the museum’s activities that have an impact on environmental sustainability 120 
(understood as respect for the natural environment) are those initiated and undertaken by the 121 
museum itself, often carried out thanks to external funding. It should be noted that the 90-hectare 122 
terrain that makes up the palace’s estate features a rich natural area including a historic park and 123 
garden, as well as 32 historic buildings. Therefore, the museum initiates a range of historical and 124 
archaeological research works, often using innovative technologies, necessary for the efficient 125 
management of a large and varied cultural site and maintaining its historic nature. Some of these 126 
will be presented further in this paper, which will aim to demonstrate new approaches for studying 127 
and managing cultural heritage sites, and in turn allow a broader view and verification of 128 
contemporary paradigms of working with monuments.  129 
3. The 2D/3D image- and range-based methods used for cultural heritage objects documentation 130 
In order to prepare appropriate and accurate architectural and archaeological documentation 131 
for management and suitability of culture heritage objects, it is necessary to define the aims and 132 
scopes of further work on this type of documentation as well as to be aware of the possibilities and 133 
limitations of applied measuring techniques. Nowadays, there is no versatile standard or one 134 
methodology for architectural documentation preparation. However, different organizations such as 135 
Comité International de la Photogrammétrie Architecturale (English: International Committee of 136 
Architectural Photogrammetry) and The London Charter for the Computer-based Visualisation of 137 
Cultural Heritage or national organizations such as National Heritage Board of Poland or 138 
Department for Digital, Culture, Media & Sport in United Kingdom prepare their own regulations 139 
[14–16]. Currently, digital architectural documentation can be divided into the two main groups: 140 
geometric documentation (Figure 1a) representing the object’s shape for measuring purposes(i.e. site 141 
plans, sections, elevations, three-dimensional models) [i.e. 17] and documentation based on remote 142 
sensing observations (Figure 1b) [i.e. 18,19]. There are many active and passive measuring 143 
techniques [20]. Passive 3D (Figure 1a) shape reconstruction techniques are based on recording of 144 
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reflected ambient radiation and do they not involve the emission of any kind of radiation by applied 145 
measuring device. Computer vision algorithms are used for image analysis and processing such as: 146 
1. For the detection of corresponding primitives extracted from images, which are 147 
converted into 3D point cloud using the mathematical model (photogrammetry, 148 
computer vision– Structure-from-Motion and Stereo Matching) [21] and 149 
2. For the computation of the shape which relies on the analysis of the changes of the 150 
image intensity, texture or focus [22]. Another group of 3D shape reconstruction 151 
techniques are active range-based, which are focused on the analysis of the send and 152 
received electromagnetic waves [23]. 153 
Another category of documentation methods are the remote sensing techniques (Figure 1b) 154 
which are commonly based on observations performed indifferent wavelength ranges: infrared 155 
(800–2000 nm), ultraviolet (300–400 nm), and X- or even γ-ray range (<1 nm). Unlike the 3D shape 156 
reconstruction methods, these techniques are not used for 3D shape reconstruction but mostly for 157 
the analytic purposes, e.g. to examine and visualize the object’s features [24].  158 
 159 
Figure 1. The division of (a) 3D shape reconstruction methods [20] and (b) remote sensing methods 160 
[24]. 161 
Selection of an appropriate method for 3D shape reconstruction depends on many factors such 162 
as the objective of the inventory, the object’s size, the complexity of architectural design, the object’s 163 
accessibility, required terms and accuracy of work [1]. With the aim to complement the 164 
documentation of old buildings, historic walls or other cultural heritage objects, image-based 165 
(Structure-from-motion/photogrammetry) as well as range-based (e.g. Terrestrial Laser Scanning) 166 
techniques are commonly used [25–27]. The structural health and the condition of the object can be 167 
monitored and analysed using remote sensing/electromagnetic sensors (based on the acquisition of 168 
spectral reflectance at different wavelength ranges). These methods make it possible to obtain the 169 
data and information about the object, which usually cannot be seen with the naked eye. The results 170 
of photogrammetric surveying (TLS and Structure-from-motion/photogrammetry) are products 171 
namely base maps, vector drawings, point clouds, digital object models, 3D models orthoimages in 172 
different spectral ranges. For data storage, management and analysis, Geographic Information 173 
Systems (GIS) and Building Information Modelling (BIM)/Historical Building Information 174 
Modelling (HBIM) are frequently used [28,29]. 175 
This section will cover the review of methods applied in cultural heritage documentation, 176 
management and sustainability followed by the presentation of existing state of the art sensors 177 
together with the discussion considering their advantages and disadvantages as well as possible 178 
further improvements. 179 
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3.1. Classical surveying 180 
Classical surveying is commonly used for ground-truth data acquisition and as such is treated 181 
as a reference for other image-based and range-based measurements. It should be noticed that this 182 
technique is also used to measure object’s shape and to determine its location on the Earth’s surface. 183 
In order to determine the point position, classical surveying based on total station measurements 184 
and levelling is performed. Distances and angles are measured with the aim to specify the point’s 185 
position in space and therefore, to calculate its plane coordinates. Additionally, to determine the 186 
point’s height, one must measure the distance between the point and the reference surface (or 187 
reference points of known height) along the vertical. X, Y and Z coordinates may be determined 188 
directly either via tacheometric surveying (with reference to known coordinates of geodetic network 189 
points) or by using GNSS (Global Navigation Satellite Systems) measurements – RTK (Real Time 190 
Kinematic). Among several types of geodetic measurements topographic surveying and engineering 191 
surveying [30] can be identified. According to the authors [30] topographic surveying deals with 192 
generation of maps at various scales, supporting a variety of uses starting with reconnaissance 193 
assisting flood management in civil engineering, mapping spatially changing features (e.g. changes 194 
in wetland perimeter in environmental monitoring), ending with soil type maps supporting land 195 
management decisions.  196 
Map making is a great support for cultural heritage [31]. The map scale and its level of detail 197 
depends on the purpose of its creation and tasks to which it will be applied. Preparing a map 198 
concerning cultural heritage objects usually is preceded by the object’s inventory, i.e. the exact 199 
determination of its shape and position in relation to other objects in space. Two main types of object 200 
inventory can be distinguished: architectural inventory and archaeological inventory. Architectural 201 
inventory involves preparing a very detailed object documentation including cross sections, floor 202 
plans, sanitary and electrical fittings and plumbing inside and outside the building together with 203 
mapping the damaged areas. On the other hand, archaeological inventory involves surveys carried 204 
out during excavations and other archaeological works. 205 
Base maps for design purposes are substantial for management of cultural heritage objects. This 206 
type of a map is usually made prior to scheduled renovation works or planned investments. Apart 207 
from topographic features, it contains other elements required by the designer, e.g. the inventory of 208 
green areas or garden irrigation installations. 209 
A fundamental part of any geodetic survey is the establishment of a control network. Geodetic 210 
control network consists of a mathematically specified set of points, which coordinates are specified 211 
in a chosen reference system. Control networks may be divided into several types, which are further 212 
described in Latoś [32]. Furthermore, depending on the level of detail of performed work various 213 
accuracy requirements are stated starting from several  millimetres [33] up to several centimetres. 214 
In contrast to aforementioned topographic surveying, engineering surveying deals mainly with 215 
construction and deformation monitoring in industrial and built environment [30]. However, 216 
measurements of deformations and displacements may be successfully applied in the field of 217 
cultural heritage [34]. The main purpose of such measurements is the preservation of cultural 218 
heritage objects including damage prevention and evaluation of their technical state in order to 219 
ensure their safety. There are several methods of displacement and deformation measurements. 220 
Some of them are based on classical geodetic surveys (precise levelling, precise angular and linear 221 
measurements and GNSS observations). The second group of methods involves the use of devices 222 
like inclinometers, load cells, feeler gauges and fiber-optic based sensors [35–37]. 223 
In the Museum of King Jan III’s Palace at Wilanów the master map (Fig.2) is a basic spatial 224 
reference and a source of data supplying the Geographic Information System (GIS) functioning in 225 
the museum. The master map has been developed throughout many years and is updated on a 226 
regular basis. This allows for the monitoring of changes occurring in the museum area and its 227 
surroundings. Alongside topographic features, many other objects, facilities and phenomena are 228 
mapped for current needs of the institution, e.g. irrigation installations located in the gardens, paths 229 
(with current evaluation of their technical state derived from the inventory), plants and trees in the 230 
park and other features. 231 
Sustainability 2019, 11, x FOR PEER REVIEW 6 of 40 
 232 
Figure 2. (a) The master map and (b) land survey and height map covering the museum area 233 
(Museum of King Jan III’s Palace at Wilanów; Dephos). 234 
The development of GIS is also supported by data coming from architectural documentation 235 
and building inventories. Floor plans, cross-sections and elevations are the source of geometry and 236 
descriptive data for spatial objects in the database. Abovementioned documentations are frequently 237 
used as a background for project documentation prepared for planned refurbishment, new facility 238 
installation or restoration works. In addition, it is necessary to record archaeological works properly 239 
because the museum is located in a historic area. Figure 3 shows exemplary architectural and 240 
archaeological documentation stored in the museum.  241 
 242 
Figure 3. Sample documentation stored in the museum: (a) a floor plan (Museum of King Jan III’s 243 
Palace at Wilanów; Dephos), (b) a cross-section (Museum of King Jan III’s Palace at Wilanów); 244 
Dephos) and (c) an archaeological profile (Museum of King Jan III’s Palace at Wilanów; Andrzej 245 
Gołembnik Z.A.K.). 246 
Abovementioned documentation (both current and archival) is essential for the development of 247 
the GIS and can be used as a basis for the creation of Building Information Model (BIM) and Historic 248 
Information Model (HBIM) in the future.  249 
3.2. Terrestrial Laser Scanning (TLS) and. Close-range photogrammetry 250 
Reliable documentation is essential for proper management and preservation of cultural 251 
heritage objects and sites. Due to the rapid development of modern photogrammetric methods, the 252 
preparation of architectural documentation has become easier than ever. As a result, object 253 
documentation based on Terrestrial Laser Scanning (TLS) and photogrammetry has become a 254 
standard in investigation and restoration of historical objects and sites. The pipeline of preparation 255 
of architectural documentation based on photogrammetry and TLS contains the following steps: (1) 256 
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preparatory works, (2) data acquisition – scanning and image taking, (3) data pre-analysis, (4) data 257 
processing and (5) final products generation [23,38]. 258 
To carry out the preliminary work, the fieldwork including scans acquisition or obtaining 259 
images is necessary. Firstly, it is essential to familiarize with the requirements of the project in order 260 
to select appropriate equipment and methodology for data processing. This step determines the 261 
accuracy and completeness of the resulting documentation. The next step is to analyse the design 262 
assumptions and the subject of measurement, which includes planning of the scanner and camera 263 
positions to minimize the risk of blind spots (lack of data), bearing in mind the strengths and 264 
limitations of applied surveying methods. In the following subsection, the advantages and 265 
disadvantages of TLS and close range photogrammetry were covered. 266 
3.2.1. Terrestrial Laser Scanning. 267 
Nowadays, terrestrial laser scanning (TLS) is one of the most important techniques applied for 268 
the 3D investigation of historical objects and monuments. The unquestionable assets of this 269 
technology are its high accuracy, the possibility of measuring billions of 3D points and high level of 270 
measurements automation [39]. Terrestrial laser scanning is a 3D measurement technique based on 271 
the laser beam deflection [39]. Modern TLS devices consist of three main components: (1) a rotary 272 
mirror, which collects data at different heights and from different directions, (2) a laser source that 273 
sends and receives the signal and (3) the data storage module.  274 
In the case of terrestrial electro-optical scanners, the source of information is provided by a laser 275 
beam. Based on this dependence, the distance and both vertical and horizontal angles are measured. 276 
As a result of computation performed by the computer the point cloud is generated in the structured 277 
hierarchical way. The measurement of the distance from the scanner to the examined point can be 278 
performed in two ways. The first one is called TOF (Time of Flight) or LIDAR (Light Detection and 279 
Ranging) measurement and is based on the determination of the time of flight of the beam travelled 280 
from the instrument to the object and returned to the instrument. The second one is based on the 281 
measurement of the phase shift of the wave sent by the instrument – this kind of distance 282 
measurement is performed by so-called phase-shifted scanners. The mathematical method of 283 
determination of the point position is based on the so-called polar coordinates. In addition, the 284 
fourth parameter is recorded – the intensity of the returning light signal sent by the scanner, which 285 
can be used to investigate properties of the analysed object [40]. The intensity (often in the 286 
near-infrared wavelength range) is presented in an artificial palette of grey or in natural RGB (Red, 287 
Green and Blue) colours. In some scanners, a built-in camera takes images assigning RGB values to 288 
each point of the cloud. 289 
TLS allows for the collection of a large amount of information rapidly and with a high degree of 290 
detail. Laser scanning systems can obtain data that can vary in terms of point density, field-of-view 291 
(FOV), the amount of noise, incident angle, waveform and texture information [41], but the main 292 
advantage is the possibility to measure un-textured areas. Despite that, during the TLS survey 293 
several problems and errors influencing the acquisition accuracy and final documentation might 294 
occur. 295 
Similar to measurements performed with geodetic instruments, data acquired by terrestrial 296 
laser scanners are affected by errors related to both the equipment used and the measurement 297 
environment [42–49]. Each manufacturer of laser scanners provides the user with the information 298 
about the device's achievable accuracy in technical specifications. However, it should be noticed that 299 
tests performed on scanners take place in laboratory conditions and therefore the information on the 300 
instrument’s accuracy provided by the manufacturer should not be considered permanent, as it 301 
depends on both operating conditions and a specific series of manufactured devices. As a result, 302 
while using different types of scanners, the same point cloud accuracy of the measured object cannot 303 
be guaranteed. Available literature describes a number of methods applied for testing shape 304 
mapping accuracy [42–49]. 305 
According to literature, different methods of division of TLS errors based on different criteria 306 
can be distinguished [i.e. 42,44–46]. In the Table 1 the division of TLS errors was presented. 307 
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Table 1. The division of TLS errors. 308 
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horizontal and vertical angles measurements 
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As it can be seen in the Table 1, there are many factors causing errors affecting terrestrial laser 309 
scanner measurements. The elimination of some of them, e.g. instrumental errors, is possible thanks 310 
to the instrument calibration or by applying corrections to measured angles and distances[51]. 311 
Errors related to the observer's mistakes and their impact on processing accuracy and the 312 
development of final products can be largely minimized by introducing the highest possible level of 313 
measurement and data processing automation. In order to characterize the errors occurring during 314 
the measurement with the terrestrial laser scanner, the division proposed by Lichti and Gordon [50] 315 
was used. 316 
a) Internal errors 317 
The first group of errors affecting the quality, accuracy and completeness of photogrammetric 318 
documentation are instrumental errors. Considering the applied measurement method and the 319 
equipment used, instrumental errors are classified as systematic and random errors. One of the most 320 
important factors influencing the accuracy of determined points location in three-dimensional space 321 
is the accuracy of distance measurement [50], which is affected by both systematic and random 322 
errors [53]. 323 
Another type of errors is related to the laser beam propagation. For instance, the size of the laser 324 
beam (so-called divergence) increases with the increase of the scanning distance. This phenomenon 325 
significantly affects the uncertainty of determined point position and decreases the scanning 326 
resolution [54]. It is assumed that the reflection of the laser beam from the object is expressed 327 
approximately by the Gaussian distribution. In case of large distances, it is stated that the beam 328 
divergence is approximately linear, and the position of a given point is determined on the basis of 329 
the Gaussian distribution of the laser beam reflection intensity for values not less than 86% of the 330 
total beam power [55]. Due to refraction and reflection of the laser beam from various surfaces, the 331 
return of the signal to the receiver may be fully or partially complete. The occurrence of such a 332 
situation affects the angular accuracy and correctness of the point location (Figure 4). 333 
 334 
Figure 4. Ideal reflection (a), partial illumination (b), partial occlusion (c) [55]. 335 
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The phenomena of reflection and divergence of the laser beam affect the accuracy of angular 336 
point mapping. The position of the laser beam is determined along the centre of the mapped laser 337 
spot despite the fact that the theoretical position of the point should be in the centre of the incident 338 
laser dot (footprint). It is assumed that the accuracy of determining the point location is equal to 1/4 339 
of the diameter [50]. 340 
Errors related to the refraction of the laser beam at the edges is called the mixed edge problem 341 
[23]. When the laser beam hits the edge of the object, it "splits" into two parts, one of which returns to 342 
the receiver after reflection from the edge (Figure 5). The rest of the beam travels further until it is 343 
reflected from the first surface it encounters. As a result of such measurement, for each single signal 344 
sent, different values of the distance between the surface of the tested object and the scanner are 345 
obtained. The determination of distance of the scanner from the measured surface is based on the 346 
average value, hence the accuracy of the point location is burdened with errors and it may turn out 347 
that the measured distance value is not on the desired plane, but lies somewhere in between. The 348 
expected error value can range from single millimetres up to several centimetres [46]. In the case of 349 
using close-range scanners and high scanning resolutions, the risk of this type of error increases the 350 
formation of a rare line of points on edges (Figure 5c, d) or their irregular arrangement. 351 
 352 
Figure 5. The effect of beam refraction at the edges (a) [23], an example of the mixed edge problem 353 
occurring in the point cloud acquired for a historic building belonging to the Museum of King Jan 354 
III's Palace at Wilanów (b); surface mapping errors on a hanging chain (c) [56]. 355 
The described problem can be reduced only by using scanners emitting a laser beam with a 356 
smaller diameter, which unfortunately also translates into a shorter measurement range (distance). 357 
So far, the problem of shape mapping errors has not been solved unequivocally, so it cannot be 358 
ignored during the measurements. While measuring with a terrestrial laser scanner, the distance 359 
between the tested object and the instrument is determined, as well as vertical and horizontal angles 360 
are measured. There are two more error groups associated with angle measurement: (1) encoder 361 
reading error related to the scanning resolution affecting the accuracy of vertical and horizontal line 362 
mapping and (2) errors caused by lack of instrument calibration. These include collimation and 363 
inclination errors, which can be determined within the calibration process analogous to the total 364 
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station calibration. The impact of collimation and inclination errors has been presented in many 365 
works, among others [57–61]. 366 
b) External errors 367 
The second category of errors are external errors. One of the most important factors associated 368 
with the mapping of the measured surface is the laser beam reflection intensity, which can be treated 369 
as a ratio of the reflected intensity value to the value of sent laser beam. The intensity of laser beam 370 
reflection is affected by the material of which the object was made, the object’s colour, used 371 
wavelength, the size of the laser spot, the angle of incidence of the laser beam, surface 372 
roughness/smoothness, light polarization, temperature of the tested object and moisture content. 373 
Lambert’s law describes the reflection from the tested surface, and thus the dependence of light 374 
propagation in different directions. The laser beam is affected directly and proportionally by the 375 
type of medium, the reflection coefficient of the measured wave and the angle of incidence of the 376 
beam on the tested surface. The intensity of the laser scanner signal reflection (in near infrared) is 377 
similar to natural colour perception; which means that the darker is the colour of the scanned object, 378 
the weaker is the reflection of the beam. According to this principle, white objects are reproduced 379 
better than black ones. Figure 6a presents the original object colour pattern with partially applied 380 
result of measurement (various shades of grey). 381 
 382 
Figure 6. (a) Reflection intensity of the colour palette (b) Reflection intensity of the black shades (50% 383 
pattern / 50% scan). 384 
The reflection intensity directly affects the measurement accuracy. For example, the 385 
manufacturer of Z + F laser scanner says that in case of measuring a perfectly black surface, the 386 
obtained accuracy is 3 times lower than in case of a white surface. In the publication Markiewicz and 387 
Zawieska [62] present the influence of colour on the received values of the laser beam reflection 388 
intensity investigated for the short-range Z + F 5006h scanner. In order to assess the quality of 389 
obtained intensity, depending on the distance and colour of the scanned surface, a number of test 390 
field measurements (DatacolorSpyder CHECKER) were carried out. The relationship between the 391 
intensity of laser beam reflection and the plane mapping accuracy was also examined. The test 392 
confirmed that light colours (Figure 7a) are reproduced with a higher intensity value (the grayscale 393 
image is lighter; Figure 7b) while darker colours are characterized by a lower intensity value (the 394 
grayscale image is darker). 395 
Sustainability 2019, 11, x FOR PEER REVIEW 11 of 40 
 396 
Figure 7. (a) A photograph of a coloured test field (DatacolorSpyder CHECKER) (b) Scan (intensity) 397 
of the test field in grayscale (0-255) [62]. 398 
In addition, the graph (Figure 8) illustrates the relationship between the intensity value (x-axis) 399 
and the determined reference plane mapping error (y-axis). Furthermore, a trend line in the form of 400 
a power function was fitted with the coefficient R2 = 0.7867. 401 
 402 
Figure 8. Diagram of the relationship between the intensity value (x axis) and the determined 403 
mapping error of the reference plane (y axis) with the fitted trend line [62]. 404 
The vertical line (Figure 8) indicates the threshold of the minimum intensity value 405 
automatically treated by the scanner software as too low and consequently skipped in further 406 
studies (so-called filtration) [62]. 407 
Another problem which might occur when object, which contains the reflectance or partly 408 
reflectance fragments are measured is the low intensity reflectance. This results in data gaps within 409 
the point cloud (Figure 9). In the case of high-reflectivity surfaces, the reflected laser beam does not 410 
reach the detector, and therefore the locations of points are incorrectly determined [21] (Figure 10). 411 
 412 
Figure 9. The example of gaps in the data (decoration reflective parts),. 413 
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Figure 10. The example of wrong measured trump (point cloud) with deformation analysis 415 
(deviation from reference cylinder) [63]. 416 
Another issue significantly affecting the accuracy of mapping objects is the material 417 
translucency. One example of a partially translucent material commonly present in cultural heritage 418 
objects is marble. The laser beam sent is only partially reflected from the surface, while the 419 
remaining part of the beam penetrates deeper into the material. The translucency of materials 420 
significantly influences distance measurement and is responsible for the formation of so-called "the 421 
effect of measuring too large a distance" and the systematic shift of the measured surface [62].  422 
3.2.2. Close-range photogrammetry 423 
Modern image-based close-range photogrammetry based on the combination of 424 
Structure-from-Motion (SfM) and Multi-View Stereo (MVS) allows for digital reconstruction of the 425 
object with the required accuracy and high level of detail [64–66]. The main goal of this combined 426 
approach is to produce metric documentation in a fully automated 3D reconstruction process 427 
involving simultaneous estimation of camera orientation, self-calibration and dense point cloud 428 
generation [4].The SfM method, generally used for image orientation, is based on four main steps 429 
[67–69]: (1) detection of key-points (characteristic points) using Computer Vision (CV) algorithms 430 
such as SIFT or SURF[70,71] (2) description of the detected key-points [70,71]; (3) preliminary image 431 
point matching and (4) reconstruction of the geometry of acquired image net and geo-referencing 432 
data in an external coordinate system (e.g. national coordinate system) either by using reference 433 
points (measured with GNSS or by classic surveying with total station) or known camera locations, 434 
via iterative bundle adjustment. The MVS method is used for dense point cloud generation [e.g. 435 
27,63,71,72].  436 
Three-dimensional shape reconstruction systems, which are based on digital images and utilize 437 
CV algorithms to create three-dimensional models automatically are still being developed 438 
(e.g.[66,72,74–76]). The idea of a photogrammetric image-based approach is to establish 439 
correspondences between primitives extracted from minimum two (but usually more) images. These 440 
corresponding primitives are converted into a 3D point cloud using the mathematical model [20]. 441 
The main aspect connected with the image-based method is the image correlation, which is the most 442 
important issue during the process of 3D reconstruction as it affects the quality and accuracy of the 443 
photogrammetric elaboration. This matter has been studied for more than 30 years, but still many 444 
problems exist such as lack of full automation and errors resulting from, occlusions, poorly textured 445 
or un-textured areas, repetitive structures/patterns etc. [73]. The main disadvantage of the image 446 
matching method regarding objects of uniform texture is the impossibility to find homologous 447 
points in order to reconstruct the 3D shape. To reduce the influence of mentioned problems and 448 
generate dense and accurate point cloud, the camera's stations should be properly distributed. In the 449 
process of photogrammetric network design, a set of rules on how to collect images, where to set up 450 
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camera positions or how many images to capture should be fulfilled. According to literature [64,77–451 
79] these factors are: 452 
1. The base-to-depth (b/d) ratio: the network accuracy increases with the increase of 453 
this ratio and using convergent images rather than images with parallel optical axes. 454 
2. The number of captured images: the accuracy improves significantly with the 455 
increasing number of images where a certain point appear, but measuring the point 456 
in more than four images gives less significant improvement. 457 
3. The number of the measured points in each image: the accuracy increases with the 458 
number of measured points per image, however the increase is not significant when 459 
the geometric configuration is strong and the points being measured are well 460 
defined (like targets) and well distributed over the image. In addition, this fact can 461 
be applied to the utilized control points. 462 
4. The image resolution (number of pixels): in case of natural features, the accuracy 463 
improves significantly with the image resolution, while the improvement is less 464 
significant on well-defined largely resolved targets. 465 
3.2.3. The integration of image-based and range-based techniques 466 
Both image-based and range-based measuring methods are burdened with specific errors, 467 
which have negative impact on measurements accuracy. Accuracy requirements for 468 
photogrammetric documentation prepared for cultural heritage objects and sites are still growing. 469 
On the other hand, objects of this kind usually consist of elements of various textures, shapes and 470 
materials, posing a great challenge for any method of documentation. In this case the best results are 471 
possible to obtain by applying the integration of complementary methods and multisource data [39]. 472 
Laser scanning performs 3D measurements of such objects within a short time, but at the same time 473 
does not allow for correct determination of the locations of all details. Dense point clouds generated 474 
from images may complement point clouds obtained by TLS (Figure 11 and 12)[80, 81]. 475 
 476 
Figure 11. (a, c) -Point clouds of gilded details acquired by TLS. (b, d) point clouds acquired from 477 
digital image matching (red– blind spots, green – geometric corrections [21]. 478 
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Based on performed experiments and research works presented in [21,81], several practical 479 
comments regarding the use of TLS and matching of digital images in cultural heritage analyses and 480 
documentation can be made: 481 
• terrestrial laser scanning is preferred for processing of these historical objects or 482 
their parts, which do not have an explicit texture; 483 
• the use of TLS is limited not only by the way this method works, but also by the size 484 
and weight of the device and resulting impossibility to locate the scanner in an 485 
arbitrary place. The use of a  block of terrestrial images characterized by relevant 486 
geometry can be an alternative solution; 487 
• the block of terrestrial photographs ought to be acquired in relevant illumination 488 
conditions, in order to obtain results of high accuracy. However, it is important to 489 
avoid reflexes; 490 
• gilded decorations should be processed with the use of data derived from dense 491 
matching, since the positioning errors appearing in case of terrestrial laser scanning 492 
are not systematic and they cannot be eliminated in an explicit way; 493 
• in case of fabrics and decorative tapestries, point clouds derived from dense image 494 
matching should be applied, since the utilisation of TLS can lead to errors in surface 495 
reconstruction and the effect of noise caused by . 496 
 497 
Figure 12. Examples of elements of an object on the orthoimage from TLS and from the image 498 
matching point cloud [81]. 499 
The result of the final orthoimage based on combination of TLS and dense image matching was 500 
shown on Figure 13. 501 
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 502 
Figure 13. (a) An orthoimage generated from integration of point clouds from TLS and image 503 
matching. (b) Enlarged/zoomed images show selected elements of the processed wall [81]. 504 
3.2.4. The application of the TLS and photogrammetric techniques in Museum of King Jan III’s 505 
Palace at Wilanów 506 
The Museum of King Jan III’s Palace at Wilanów is an example of a cultural institution where 507 
both traditional and modern methods of cultural heritage documentation are successfully applied. 508 
The combination of photographic, architectural, technical and conservatory documentation with 509 
such measurement techniques as photogrammetry and terrestrial laser scanning allows for the 510 
integration of data and expertise in many different fields to provide the most complete and 511 
informative image of historic objects possible to obtain. Close-range photogrammetry is one of 3D 512 
shape reconstruction methods intensively exploited in the museum and is used in a variety of 513 
applications. As mentioned before, close-range photogrammetry is a documentation method 514 
allowing to record the current state of an object in 3D, with high accuracy and level of detail. As 515 
such, this technique can be used to record subsequent stages of the object’s conservation. Moreover, 516 
photogrammetry supports conservatory works while making a copy of a historic artefact. Such 517 
situation usually takes place either when the original previously presented on the exhibition must 518 
undergo conservation works or when it requires special environment parameters impossible to be 519 
provided in its original location. Conservators can use the results of a photogrammetric elaboration 520 
including point clouds, 3D models, orthoimages, cross-sections and profiles as a reference while 521 
taking necessary measurements. Furthermore, a textured 3D model is an attractive objects 522 
presentation, which is used with a great success as a way of sharing the information about museum 523 
collections with the audience on the Internet (Figure 14). 524 
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 525 
Figure 14. (a) Taking photos and aligning them in order to produce a 3D model of a cabinet, (b)  526 
Dense point cloud of the cabinet, (c) untextured mesh of the cabinet (Museum of King Jan III’s Palace 527 
at Wilanów). 528 
Photogrammetry is an affordable measurement technique from the museum’s point of view 529 
since the necessary equipment is much cheaper than terrestrial laser scanner. The museum of King 530 
Jan III’s Palace at Wilanów possesses a photographic studio and necessary equipment including two 531 
medium-format digital Hasselblad cameras and three high-resolution Nikon SLR cameras with 532 
exchangeable lenses. To provide the best lightning conditions possible Profoto lights along with 533 
umbrellas and softboxes are used. Additionally, to acquire correct radiometry of texture two X-Rite 534 
colour checkers are used. This allows to obtain results of satisfying quality and accuracy. 535 
However, there are some difficulties occurring while applying photogrammetry in the museum 536 
as a documentation method. Firstly, to get photos of best quality it is recommended to take them in 537 
studio conditions. Yet, it is a common case that the object cannot be transported to the studio because 538 
of its weight or fragility. Therefore, while taking photographs one must cope with poor lightning 539 
conditions or the inaccessibility of some parts of the object as well as the tourist traffic. Moreover, 540 
usually control points cannot be placed directly on the object. In some cases, it makes high accuracy 541 
quite difficult to achieve. 542 
Terrestrial laser scanning is another technology, which use in a typical museum is still not a 543 
common practise. Nevertheless, the scope of TLS applications in this field is quite wide and as a 544 
measurement technique, TLS proved its applicability and usefulness for purposes relating to the 545 
institution’s activities. 546 
In the Museum of King Jan III’s Palace at Wilanów several cultural heritage objects were 547 
recorded by using this technology. TLS was applied for the documentation of elevations (Figure 15b) 548 
and a set of interiors of the Palace and the adjacent building – Markoniówka. TLS data were also 549 
acquired for several smaller buildings like the Chinese Gazebo or small palace with rotunda as well 550 
as for several sculptures located in the park (Figure 15a). The data include raw point clouds, 3D 551 
models and orthoimages. 552 
A 
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 553 
Figure 15. TLS point clouds acquired for the (a) Chinese Gazebo and (b) one of the Palace elevations 554 
(Museum of King Jan III’s Palace at Wilanów). 555 
TLS intensity orthoimages were also used as a data source for vector architectural 556 
documentation (Figure 16). Both intensity and RGB orthoimages, which are the result of TLS and 557 
photogrammetry data integration, are components of the geographic information system developed 558 
in the museum. RGB orthoimages served as a basis for the separation of decorations located on 559 
elevations in the Palace and in the rooms of the Palace and the adjacent Markoniówka. The 560 
orthoimages were the source of geometry of polygon objects representing the decorations. Enriched 561 
with extensive descriptions prepared by art historians and conservators, the GIS provides complete 562 
information about the objects illustrated by the orthoimages in a clear, approachable and visually 563 
attractive way. It is particularly important in the case of online data publication on the museum’s 564 
website.  565 
 566 
Figure 16. (a) Intensity orthoimage and (b) resulting architectural documentation of a part of the 567 
western elevation of the Palace (Museum of King Jan III’s Palace at Wilanów). 568 
Furthermore, the orthoimages are used as a background for various conservatory analyses, e.g. 569 
for damage mapping. 570 
3D models derived from TLS point clouds are currently used mainly as a virtual 571 
representations of heritage objects owned by the museum. A great example is a 3D model of the 572 
Palace (Figure 15), which is a result of the integration of TLS and photogrammetry. The model is 573 
available online on museum’s Sketchfab profile (https://sketchfab.com/muzeum_wilanow; Figure 574 
17). 575 
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 576 
Figure 17. Museum’s profile on Sketchfab – the platform for sharing 3D models 577 
(https://sketchfab.com/muzeum_wilanow) (Museum of King Jan III’s Palace at Wilanów). 578 
Analogically, 3D models based on photogrammetry are also available on this website (Figure 18 579 
b, c). However, the range of possible applications of TLS in the museum is wider. 3D models can be 580 
used for the evaluation of cracks and other damage affecting cultural heritage objects, for instance, to 581 
calculate the volume of materials needed for the object’s renovation as well as to perform other 582 
measurements needed for the proper maintenance of the object. As mentioned above, 3D models 583 
acquired by using photogrammetry, TLS 3D models can support the production of the objects’ 584 
copies – it is nevertheless essential to choose a proper measurement technique suitable for the 585 
chosen object providing sufficient accuracy and resolution. Sometimes it is required to perform the 586 
integration of these two techniques – especially in the field of cultural heritage, where the 587 
information about the object colour provided by image-based techniques is as important as the 588 
accuracy of its shape. 589 
 590 
Figure 18. (a) The 3D model of the Palace and Markoniówka based on the integration of 591 
photogrammetry and TLS data, (b) the 3D model of the King Jan’s cabinet, (c) the 3D model of the 592 
bustof Frédéric Chopin (Museum of King Jan III’s Palace at Wilanów). 593 
Despite the multiplicity of applications and strong potential of the use of TLS in the field of 594 
cultural heritage, still there are several troublesome issues to be confronted. It is a common belief 595 
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that TLS is a non-invasive measurement technique, which is safe for fragile monuments and 596 
artworks. However, it must be noted, that the data acquisition usually must be preceded by several 597 
operations, which can pose a threat to museum artefacts. In case of terrestrial laser scanning 598 
performed in historic interiors, usually it is required to remove all furniture, paintings, sculptures 599 
etc. that may cover up the area of interest before the scanning. This causes a great risk of damage for 600 
the historical objects and sometimes it is even impossible to move them, as they are too fragile. 601 
Moreover, all actions relating to the elements of museum collections must be taken under 602 
conservators’ supervision and sometimes with the participation of art historians and other experts. 603 
The works schedule must also take into account such matters as temporary exhibitions or 604 
conservatory/renovation works taking place in selected rooms. Bearing in mind all there aspects and 605 
the fact that the works also should not interfere with the everyday tourist traffic, the organisation of 606 
such measurements turns out to be a complicated task. Finally, although the use of TLS in cultural 607 
heritage documentation and preservation is becoming more and more popular, still this technology 608 
is rather expensive, especially for a museum whose budget is usually limited. In contrast to 609 
photogrammetry, the TLS data cannot be acquired by the museum on its own since the museum 610 
does not possess necessary equipment and software. 611 
3.3. Remote sensing techniques 612 
Remote sensing techniques involve contactless measurements focused on detecting and 613 
identifying objects as well as exploring their features while geometric accuracy of reconstruction of 614 
their shape is a secondary need. These methods differ in use, range, character of data and sensor 615 
systems needed to acquire data. Among these techniques involving the use of both passive and 616 
active devices spectral imaging plays a key role in investigating physical phenomena affecting 617 
cultural heritage objects. In this section, the most common non-invasive measuring methods will be 618 
briefly presented while the emphasis will be put on spectral imaging as the most promising form of 619 
documentation developed in the Museum of King Jan III’s Palace at Wilanów. 620 
FORS (Fiber Optic Reflectance Spectroscopy) is a variant of diffuse reflectance 621 
spectrophotometry in ultraviolet, visible and NIR (and sometimes MWIR – Mid-Wave infrared) 622 
wavelength ranges, which is now commonly used as a non-invasive analysis of cultural heritage 623 
objects. It is a point-based method allowing for the measurement of spectral reflectance in selected 624 
points of the object via portable devices based on fiber optics. FORS is particularly useful in case of 625 
investigation of pigments, binders and fiber type of canvas used in paintings and frescoes [82–85]. It 626 
is also used to analyse the materials and to examine the state of the object and the stage of 627 
degradation[86]. FORS reflectance spectra may serve as a reference data for measurements made 628 
with different techniques (e.g. hyperspectral imagery) [87]. It can also complement hyperspectral 629 
imagery in selected points to get higher spectral resolution [88]. There is also a library of spectral 630 
reflectance prepared for certain materials, which is available online [89]. 631 
X-Ray techniques: XRF (X-Ray Fluorescence), XRD (X-Ray Diffraction) and X-Ray radiography 632 
are non-invasive techniques involving the application of X-Ray radiation (10-7 to 10-11 m). XRF and 633 
XRD are spot analysis methods allowing for identification of characteristic elements contained by 634 
object materials, especially pigments, and offer the possibility of elemental mapping [90–93]. X-rays 635 
penetrate the material and allow for recording fluorescence signals from layers of material below its 636 
surface [94], but the depth of penetration is limited. On the other hand, X-Ray radiography may be 637 
used to depicture the structure of the object because of different absorption of X-Ray radiation of 638 
materials varying in thickness and a power of atomic number (e.g. pigments of a painting). As a 639 
result, measuring methods based on X-Ray may be successfully applied for pigment identification 640 
[95], revealing hidden details on a painting [96] or the construction of an archaeological artefact [93]. 641 
Spectrofluorimetry (Fluorescence Spectroscopy) is a contactless method aiming to make objects 642 
(materials, pigments) fluoresce, that is, to emit photons with longer wavelengths (usually visible 643 
light) than incoming exciting radiation (usually ultraviolet), but unlike phosphorescence, visible 644 
light is emitted only under UV stimulation [95]. Spectrofluorimetry (and microspectrofluorimetry – 645 
if a microscope is involved) may be successfully applied in pigment identification [91,97] as well as 646 
Sustainability 2019, 11, x FOR PEER REVIEW 20 of 40 
in detecting hidden drawings and signatures [95] and micro defects such as scratches e.g. on a 647 
varnish layer [98].  648 
Infrared Reflectography (IRR) involves the incidence of infrared radiation on the object (usually 649 
by a tungsten lamp) and recording the reflected radiation by an infrared camera. Conventional IRR 650 
is performed by acquiring the image in wide near infrared band, but recently multispectral sensors 651 
collecting several narrower NIR bands are becoming increasingly popular [99]. Since pigment’s layer 652 
of a painting absorb much less infrared radiation comparing to visible radiation, the presence of 653 
underdrawings may be detected as well as changes in the composition [95,100,101]. Near Infrared 654 
Reflectography has proved its usefulness in pigment identification and distinguishing replicas [102]. 655 
Infrared radiation is also involved in thermographic analyses.  656 
Infrared Thermography (IRT) may be a powerful tool to examine the state of cultural heritage 657 
objects. IRT is applied either as “passive thermography” when only the occurring temperature 658 
vibrations of the object are analysed or “active thermography” if the registered radiation is emitted 659 
by an external source [103]. The passive approach provides mostly qualitative information about the 660 
distribution of IR radiation. It has been successfully applied in the study of buildings and the 661 
monitoring of daily temperature variations. It has also been proved that by detecting heat flows it is 662 
possible to discover hidden architectural elements [104] as well as cracks causing moisture and 663 
microbiological invasion and therefore the degradation of wall structure. Active approach allows 664 
obtaining both qualitative and quantitative information about the temperature change induced in 665 
artefacts by adequate artificial heating [104]. It can be used to detect cracks, delamination and other 666 
damage relating walls and frescos [105] as well as to monitor the moisture on the building surface 667 
[106]. In case of sculptures IRT may also be used to detect voids and cracks and other signs of 668 
degradation [103,104].  669 
Presented measuring methods are proved to be complementary in many applications in the 670 
field of cultural heritage and consequently they are usually combined either with each other and 671 
with other contactless techniques such as multi- and hyperspectral imaging [87,91], technical 672 
photography [107], RTI [108,109], Raman microscopy [110–113] and with classical laboratory tests 673 
[84]. 674 
3.3.1. Multispectral and hyperspectral imaging 675 
The use of close-range multispectral and hyperspectral imagery dates back to the early 1990s 676 
[114]. Although spectral observations were carried out several years earlier by means of 677 
spectrophotometry (which is still popular in this field), spectral imagery enriched these point 678 
measurements by adding to spectral data additional information –spatial distribution of spectral 679 
characteristics of the whole objects surface [115]. Since then spectral imaging has been applied in 680 
many works regarding objects in wide range of scales. 681 
Spectral characteristics of cultural heritage objects are acquired by means of technical 682 
photography as well as multi- and hyperspectral imagery.  683 
Technical photography involves the use of cameras sensitive to various wavelength ranges 684 
(visible, ultraviolet and infrared), different sources of light (e.g. UV, IR, sodium light) and various 685 
types of radiation (reflected light, fluorescence). Common documentation method in visible light is 686 
Raking light photography (RAK) which involves taking photos with lamps placed at chosen angles 687 
to clearly show the texture of the object. Technical photography may also contain false color band 688 
compositions, for instance IRCF – infrared false colour.  689 
The distinction between multispectral and hyperspectral imaging is not clearly defined but it is 690 
agreed that hyperspectral imaging provides higher spectral resolution collecting several thousand 691 
(200 or more) contiguous, narrow bands and thus, allowing for the reconstruction of almost 692 
continuous reflectance spectrum [116], (Figure 19). In contrast, an imaging sensor is considered as 693 
multispectral if it registers small number (usually not more than 20) of discrete spectral bands of 694 
bandwidths ranging from 20 to 50 nm [117], which may not be equal in bandwidth and are not 695 
necessary adjacent to each other [115].  696 
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 697 
Figure 19. Munch, The Scream – Hyperspectral image cube – each pixel contains spectral information 698 
characteristic for a certain material [115]. 699 
Essential components of any spectral imaging system are: lightning, focusing optics, detector, a 700 
means of wavelength selection and a computer supported with image acquisition software [114,118]. 701 
It is necessary to reach compromise between imaging efficiency and object preservation while 702 
setting lightning conditions as the cultural heritage objects require minimum light exposure to 703 
minimize the risk of light-induced ageing [114]. 704 
According to the data acquisition method, imaging systems may be classified into point 705 
(whiskbroom), line (pushbroom) and area scanners [114,119]. The detector type applied in imaging 706 
system depends on exploited range of bandwidths: CCD cameras for ultraviolet, visible light and 707 
near infrared (400 nm – 1000 nm), InGaAs (Indium Gallium Arsenide) for the wavelength range of 708 
900 nm – 1700 nm or MCT (Mercury Cadmium Telluride) for the range of 900 nm – 2500 nm 709 
[118,120].  710 
Wavelength selection may be carried out in two ways: via illumination where only one selected 711 
wavelength range is incident on the object at one time or via reflected light where the light reflected 712 
from the object is separated spectrally by the detector [114]. The first method involves the use of a 713 
light source – a halogen-tungsten lamp (THL) or light-emitting diodes (LEDs). The second 714 
wavelength selection method may be achieved through either filtering or dispersing the light 715 
reflected from the object. Filtering allows for sequential bands collection usually by placing the 716 
filtering system (band-pass interference filters) placed on a wheel between the lens and the detector 717 
[114]. Filtering systems which do not require any movement include tunable filters – Liquid Crystal 718 
Tunable Filters (LCTF) and Acousto-Optical Tunable Filters (AOTF) [119]. Simultaneous registration 719 
of all bands is possible by dispersing the light using a slit combined with a diffraction grating, 720 
providing higher spectral resolution than tunable filters but with reduced flexibility [114]. 721 
In the field of cultural heritage, it is impossible to specify one pipeline of data acquisition and 722 
processing – each case requires a dedicated approach considering the purpose of the experiment as 723 
well as the object features. Nevertheless, there are some issues, which have to be considered.  724 
One of the crucial matters is waveband selection, as different parts of the spectrum may reveal 725 
different object features and therefore may be used for various purposes. To acquire the imagery of 726 
high quality, calibration of the imaging system is needed. It includes radiometric calibration: the 727 
removal of fixed pattern noise (dark current), pixel sensitivity normalization, denoising, 728 
illumination correction and finally spectral calibration to reflectance factor [83,121]. For low cost 729 
imaging systems also additional corrections may have to be applied, e.g. a vignetting effect [122]. 730 
The next step is image processing including spatial co-registration and mosaicking. 731 
Co-registration is necessary in case of imagery consisting of different bands, which are joint together 732 
into a single image cube [121]. If the object is covered by many images, they should be joint together 733 
by mosaicking during orthomosaic generation [122] or by panoramic photographic method [120]. 734 
In order to identify the materials forming the object different classification algorithms are used. 735 
It is a common practise to use supervised and unsupervised classification strategies interchangeably 736 
[123]. Classes detected in laboratory conditions may serve as pigment libraries [124], which may be 737 
then used as reference for further field work [115,125,126]. Small number of spectral bands provided 738 
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by multispectral imagery makes it possible to generate band composites from selected band sets, 739 
allowing for visual investigation of acquired data [98,127,128]. Eventually, selected sets of bands 740 
acquired by hyperspectral sensors may be also used in this way after the identification of most 741 
informative bandwidths [129], but still it is not a common approach. In contrast, combining different 742 
bands is a very frequent practise in case of technical photography, where false colour photographs 743 
are intensively exploited [91,130–134]. 744 
Due to high dimensionality of hyperspectral data, pixel classification requires algorithms like 745 
Spectral Angle Mapper (SAM), Spectral Correlation Mapper (SCM), Support Vector Machines 746 
(SVM) as well as random forests or K-Nearest Neighbours (K-NN). Artificial Neural Networks also 747 
may be applied in this case [128,135]. The evaluation of bands separation and dimension reduction is 748 
performed via algorithms such as Principal Component Analysis (PCA) or t-Stochastic Distributed 749 
Neighbourhood Embedding (t-SNE) [135]. Investigating the mixtures of different materials or 750 
pigments requires spectral separation allowing for the estimation of the percentage of each material 751 
(i.e. certain pigment) in each mixed pixel [115,136,137]. 752 
Spectral imagery is usually used in research relating to flat, 2D objects like paintings, walls or 753 
documents and as a result, it is commonly associated with 2D documentation, e.g. orthoimages, 754 
pigment maps or simply photographs. However, the scope of information possible to obtain 755 
increases if the spectral information is combined with 3D shape reconstruction. The integration of 756 
spectral and geometric data was a subject of many works [17,40,83,138–142]. Nevertheless, this issue 757 
remains a challenge in the near future. 758 
Combination of spectral data with other documentation and measurement techniques 759 
commonly used in the field of cultural heritage increases the potential of such analyses in fields of 760 
art history, conservation and even forensics.  761 
Damage detection is one of the most important applications of spectral imaging. Many works 762 
prove the usefulness of multi- and hyperspectral imagery in this field. Integration of two cameras 763 
(including a multispectral one) and TLS data operating in different wavelengths was proved to 764 
provide spectral data allowing for generation of moisture classification map [123]. As the range 765 
between 1,4 um and 1,9 um is considered as “water absorption bands” [114], SWIR (Shortwave 766 
infrared) sensors operating in this wavelength may also be used for this purpose. SWIR region may 767 
be applied in the monitoring of the degradation of painting materials [143]. Multispectral imaging 768 
also been successfully applied in documentation of parchment degradation [144,145] and the 769 
analysis of pigment discoloration [140,146] used hyperspectral imagery to map corrosion products 770 
on outdoor bronze sculptures.  771 
Pigment identification is a vast field of research regarding the use of spectral imagery. From the 772 
conservator’s point of view, the knowledge about the materials used in the original painting is very 773 
important since it determines the materials and suitable methods of restoration and conservation. 774 
On the other hand, this knowledge allows the art historians for verification of the object’s 775 
authenticity. Pigment identification commonly involves the use of VIS-NIR range of spectrum 776 
[117,120,124,126,147,148] as the signatures of most inorganic pigments vary significantly in this 777 
range, so the spectral information is sufficient to differentiate them. However, to tell apart organic 778 
materials like binders, varnishes or organic pigments usually the spectrum of longer wavelengths 779 
like SWIR and MWIR is needed [149]. Analyses based on SWIR imagery (1000 nm – 2500 nm) also 780 
proved their usefulness for recognition of materials under the paint (e.g. cardboard) [115]. Moreover, 781 
[125] proposed a method of using 2 hyperspectral imaging systems (one active, laser-based, 782 
operating in mid-infrared, and one passive working in the near-infrared spectrum) to prepare a 783 
small spectral library of pigments and proved that classification based on imagery acquired in 784 
further wavelength range may be successfully used in forgery detection. However, in case of 785 
checking the authentication of paintings also NIR photography allowed for satisfying results [150]. 786 
Data provided by spectral imagery is very informative, but sometimes it is not sufficient for 787 
exact material identification and to check the hypothesis the use of additional measurement 788 
techniques is needed. To verify the results of pigment mapping based on HSI, XRF [91]or FORS 789 
analyses may be used [83,124].  790 
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Multi- and hyperspectral imagery can be applied in the detection of past interventions and 791 
under drawings on similar basis as aforementioned technical photography. For this purpose 792 
imagery containing near infrared bands have been proved to be particularly useful [114,151]. 793 
Hidden features may be detected not only on separate bands or their compositions, but also on their 794 
linear combinations [83]. Multispectral imagery may also be used to improve historical documents 795 
readability [145]. 796 
3.3.2. The application of the remote sensing techniques in Museum of King Jan III’s Palace at 797 
Wilanów 798 
In Museum of King Jan III’s Palace remote sensing measurement techniques are applied in the 799 
process of cultural heritage documentation and preservation.  800 
Technical photography is a standard method of documentation of museum collections. 801 
Museum of King Jan III’s Palace at Wilanów possesses necessary equipment to acquire photographic 802 
documentation which include RAK photos, UV photos (with and without yellow filter), IR photos 803 
and photos taken under incident sodium light (Figure 20). Depending on the object, pictures in 804 
different spectral regions are taken at different stages of the conservation as it was performed during 805 
the clearing of the Japanese nanban table in Painting Conservation Studio being a part of 806 
Conservation and Prevention Department [152]. UVf and IR images allowed for the identification of 807 
varnish and repaintings [153,154] of several paintings contained in Wilanów collections. All photos 808 
are stored in information system collecting all photographs (including scanned archival negatives) 809 
along with their metadata and object description and are available in intranet for users within the 810 
museum. Photographs are internal part of conservatory documentation stored by Documentation 811 
and Digitalization Department. Other non-invasive techniques involving the use of UVf, IRR and 812 
XRF were used for extensive analyses performed on two paintings belonging to the museum during 813 
the project carried out in cooperation with three polish universities: Academy of Fine Arts in 814 
Warsaw, Nicolaus Copernicus University in Toruń and Eugeniusz Geppert Academy of Art and 815 
Design [155]. 816 
 817 
Figure 20. The Portrait of Izabela Lubomirska: (a) – natural colour photo (photo by Zbigniew Reszka, 818 
Museum of King Jan III’s Palace at Wilanów), (b) – conservatory UV photo (photo by Agnieszka 819 
Indyk, Museum of King Jan III’s Palace at Wilanów), (c) – conservatory photo taken in sodium light 820 
(photo by Agnieszka Indyk, Museum of King Jan III’s Palace at Wilanów). 821 
Another field of interest for non-invasive observations is relating to the state of the palace itself 822 
as well as the objects permanently linked with it, for instance, wall paintings and frescoes. The state 823 
of such objects depends on the environment conditions, but in contrast to mobile objects like 824 
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sculptures or paintings, they cannot be moved to another place in order to provide stable and 825 
convenient temperature or relative humidity. In such case, frequent and regular monitoring of 826 
environment parameters is needed as well as the knowledge of the building structure. However, 827 
architectural documentation of a historical building providing continuous information about all 828 
stages of the building extension is not always available.  829 
Both problems – the need of monitoring of the artwork and incomplete architectural 830 
documentation – may be solved via spectral imaging integrated with other non-invasive 831 
measurement techniques providing information both of the characteristics of the artwork’s surface 832 
and the object inner structure. Such knowledge may be a key to explain the phenomena posing 833 
threat to the artworks such as microbiological invasion and damage caused by wall freezing and 834 
condensation. 835 
4. The Geographic Information System (GIS) 836 
The idea of Geographic Information Systems is not new – its beginnings are in 1960s, when GIS 837 
was first applied in Canada by Canada Land Inventory – CGIS – Canada Geographic Information 838 
System [156]. Since then many definitions of GIS have appeared (much discipline dependent), but in 839 
this study GIS is considered as a technology, science and methodology applied for problem solving 840 
[157], which involves computer-based systems and software capable of managing and analysing 841 
location-linked data and information regarding various phenomena occurring in geographic space. 842 
Since GIS allows for the integration of data and information concerning space and objects with their 843 
localization, the scope of its possible applications is quite wide starting with geography and life 844 
sciences, economics, industry, social sciences [158,159] and ending with extensive use in cultural 845 
heritage management and preservation. The possibility to integrate GIS and BIM makes the 846 
spectrum of applications even wider. In this section, the methodology and most popular 847 
applications of spatial information systems in cultural heritage will be presented and followed by 848 
brief characterization of the GIS developed in the Museum of King Jan III’s Palace at Wilanów. 849 
The GIS includes four main functional subsystems regarding data input, data storage, retrieval, 850 
manipulation and analysis of data as well as output and display of data [160]. The GIS applied for 851 
cultural heritage purposes, just like systems supporting any other area, must be designed 852 
considering two main aspects: the model of reality (i.e. the way phenomena, objects and their 853 
relations will be presented in the system) and the practical implementation of this model in the 854 
system with regard to its future applications, data security, access control, software and hardware 855 
limitations, system interoperability, backup polity etc. Since the Internet has become the main tool 856 
for both acquiring and sharing the data and information, geographic information systems have 857 
evolved and adapted to this environment. So called “WebGIS” provides GIS functionality on the 858 
Web and usually is an integral or even a main feature of a created system [161–163]. According to 859 
Pascaul et al. [164] and Luaces et al. [165], the fundamental components of a GIS are: (1) User 860 
Interlace Layer which serves as a graphic user interface (GUI) presenting spatial data, allowing the 861 
end users for the interaction with backend services; (2) The Application Server Layer 862 
communicating with data sources via the integration layer and allowing users to analyse and 863 
manipulate data coming from provider service; (3) The Database Layer consisting of database 864 
management system which provides the data storage and queries. The problem of system 865 
architecture design has been through roughly investigated in several works [165–167].  866 
The creation of a GIS involves a variety of available tools and solutions (both commercial and 867 
open-source) including different database management systems (DBMS) (e.g. MS SQL Server, 868 
Oracle, PostgreSQL with its spatial extension PostGIS, MySQL) as well as software (e.g. ESRI 869 
ArcGIS, GeoMedia, MapInfo, QGIS, GRASS), frameworks and methods of data dissemination. As a 870 
result, interoperability among data and services is necessary. There have been many works 871 
regarding standardization aspects of GIS technology performed particularly by the Open Geospatial 872 
Consortium (OGC) and the ISO. The OGC proposed the system architecture and recommended data 873 
formats [164,168]. Among more than 30 others, OGCset standard of GML(Geographic Markup 874 
Language) to exchange data between the WebGIS and web client, and defined comprehensive set of 875 
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web services including WMS (Web Map Service) and WCS (Web Coverage Service) for raster data 876 
and WFS (Web Feature Service)for vector data as well as CSW (Catalogue Service for Web) for 877 
sharing metadata. The INSPIRE Directive established the guidelines “regarding the availability, 878 
quality, organisation, accessibility and sharing of spatial information”, guaranteeing the 879 
interoperability of spatial datasets through network services across Europe [169,170]. Regarding 880 
cultural heritage CIDOC Conceptual Reference Model (CIDOC-CRM) developed by ICOM/CIDOC 881 
Documentation Standard Group is the best known and widespread proposal of modelling the 882 
information and preparing documentation of cultural heritage objects [171].  883 
4.1. GIS applications 884 
In the area of cultural heritage GIS began to be applied in the 1990s, first in the field of 885 
archaeology [172–176]. Since then, GIS was successfully adopted as a tool for the identification, 886 
documentation, management and conservation of cultural heritage objects as well as for sharing the 887 
knowledge about them with people, giving the opportunity to understand phenomena and relations 888 
between them from spatiotemporal and multi scalar point of view [158,177]. The use of GIS may 889 
support research concerning both tangible/material heritage (archaeology, architecture, landscape) 890 
and intangible/immaterial heritage (routes of pilgrimages, the area of using a certain language) 891 
[158,170].  892 
4.1.1. Archaeology 893 
In the field of archaeology, the application of GIS technology is probably the most conscious 894 
and sophisticated. GIS has been used as a tool for documentation of an archaeological site together 895 
with setting up an integrated management plan for sites [177,178]. With integration of other data 896 
such as LiDAR and remote sensing satellite imagery it was proved useful for assessing the overall 897 
risk relating cultural heritage sites (erosion, landslides, sea level rise, anthropogenic risks) by linking 898 
hazard database with threatened sites location [179] together with cultural resources management 899 
(CRM) and performing spatial analyses regarding archaeological prospection, i.e. detection of new 900 
archaeological sites [180–182]. GIS may be also successfully applied in recording single 901 
archaeological sites during excavation works. Since accurate and reliable stratigraphic information is 902 
crucial for archaeological analyses, the application of so called 3D GIS is particularly reasonable, 903 
especially due to increasing popularity and availability of 3D measurement techniques such as 904 
photogrammetry and TLS. Unlike 2D GIS with added Digital Elevation Model (DEM), 3D GIS makes 905 
it possible to reconstruct 3D relations between objects and as such it may support the identification 906 
of relations between trenches or post-deposition disturbances [183], assessing the damage of an 907 
archaeological site [184], conduct visibility analyses [184,185], reconstruct ancient landscape in VR 908 
environment [186] or to perform volumetric calculations [187,188]. By adding the temporal 909 
information to 3D spatial data and database containing descriptive information it is more and more 910 
common to build a Temporal GIS (or 4D GIS) allowing to query and visualize objects belonging to 911 
cross-cut different time periods [189]. Depicturing archaeological data complexity, 4D GIS has been 912 
used in many archaeological applications [100,190–193]. 913 
4.1.2. Architectural and cultural landscape 914 
Cultural heritage management and preservation involve range of activities conducted at 915 
different scales and levels of detail. GIS serves as a tool to retrace historical, geographical and 916 
environment context of historic objects located in a certain region, helping to understand changes of 917 
the historical landscape [163,194] and linking information regarding tangible and intangible heritage 918 
with each other [195].On the other hand, known environment context provides the possibility to 919 
predict and map potential threats, both natural and human-induced [196–198] as well as to plan 920 
revitalization and restoration works and appoint priority areas [196,199] pointed out that the ability 921 
to query data stored in an orderly manner in GIS allows monitoring the changing number of cultural 922 
heritage objects protected by the government while preparing official reports. Furthermore, the 923 
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combination of database containing information about the object and its attractive representation via 924 
3D model could have an impact on the increase of cultural tourism and encourage the audience 925 
(especially young people who are major users of new technologies) to take interest in their culture in 926 
a spontaneous way [200]. 927 
4.1.3. Architectural heritage– Building Information Modelling 928 
Historical architectural heritage objects are in constant need of maintenance, repair and 929 
restoration. Several works involved the use of GIS technology to map and monitor signs of cultural 930 
heritage degradation [201]. However, to manage architectural heritage in high-scale, that is, to meet 931 
the needs of conservation engineering and provide detailed documentation of building properties 932 
and structure, the GIS is often not sufficient [195]. In such case, Building Information Modelling 933 
(BIM) [202] may be applied, especially as a complementary tool for GIS. Derived from the 934 
management necessities of architectural and engineering industry, it provides an integrated 935 
representation of both physical and functional characteristics of a building [203], based on 3D survey 936 
techniques (photogrammetry, TLS, classical surveying and their integration). 3D geometric models 937 
showing current physical condition of a historic building combined with GIS database collecting 938 
information about its historic evolution, material composition, state of conservation etc. enhance the 939 
potential of cultural heritage modelling and consequently gains popularity in this field. 940 
Being primarily developed for the design, build and future management of new buildings, BIM 941 
may be successfully used as HBIM (Historic BIM) for automatic generation of conservatory 942 
documentation, analyses of historic structures as well as to produce visualisations supporting 943 
historical building preservation [204–206]. Dora et al. [205] developed HBIM in order to visualize the 944 
current state of damage of a historic building (here: Four Courts in Dublin) and carry out structural 945 
analyses and decay mapping, serving as a basis for the proposed conservation interventions. On the 946 
other hand, in the case of the Basilica di Collemaggio, which was severely damaged as a result of an 947 
earthquake, HBIM was applied for multiple purposes, including simulation of different scenarios of 948 
making decisions about the crashed dome, for the construction site management during different 949 
phases of restoration as well as to support structural analyses [207]. HBIM may also be helpful while 950 
performing stratigraphic analyses of the structure elements – especially to understand the 951 
construction rules, which are no longer in use [208]as well as to gain information about temporal 952 
stratification of a building [209–211]. This allows the experts to identify different chronological 953 
sequences of the building construction, but also to monitor progressing process of materials 954 
transformation and degradation and evaluate the risk and vulnerability elements [212].It may be 955 
also used to monitor the building performance considering factors such as acoustic, thermal, 956 
moisture or energy performance [213]. Consequently, HBIM creates new possibilities for sharing 957 
different information inside a single digital environment [212,214] investigated the possibilities of 958 
integration of two approaches in the conservation of architectural heritage: BIM and Integrated 959 
Project Delivery (IPD) – a new delivery system gaining popularity in construction industry. 960 
Implementation of BIM/IPD would enhance conservation projects being a mechanism for involving 961 
key participants and multi-discipline knowledge as well as data sharing to support decision-making 962 
process and minimize potential risk. Some authors see the future potential of BIM in cultural 963 
heritage as a way of increasing portability and providing data to a wider user community for 964 
different purposes, e.g. via virtual reality (VR) and augmented reality (AR) technologies 965 
[209,213,215]. 966 
However, the application of BIM to heritage objects stages multiple challenges arising from the 967 
specific nature of such objects. As BIM exploits the objects segmentation into parametrically 968 
described shapes, it is difficult to model historical buildings since they are characterized by varied 969 
shapes and composed of the complex components. Such shapes usually do not exist in BIM libraries, 970 
making the issue of providing data interoperability still open. The task becomes even harder 971 
considering the objects changes due to deterioration over time. Furthermore, the construction of a 972 
model is often hampered by lack of complete source architectural documentation. Also the tools 973 
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provided by software available are usually not sufficient to model hierarchical relationships of 974 
architectural elements and store attributes necessary from the conservator’s point of view [203]. 975 
The research performed on artworks during conservation and restoration works involves a 976 
variety of measurement techniques, results of which may be successfully integrated in GIS 977 
environment for documentation purposes as well as for further analyses including multitemporal 978 
approach in order to document and evaluate present conservation and restoration techniques [216]. 979 
Some research carried out in the last years proved the usefulness of this technology as a tool for 980 
monitoring of safety of museum collections [217]. Another example of such use of GIS is the case of 981 
GIS developed in the Museum of King Jan III’s Palace at Wilanów. GIS may also be used for 982 
supporting sustainable tourism serving as a visitor information service while planning the visit or 983 
during the visit as well [218]. 984 
Abovementioned applications of GIS and BIM do not exhaust the issue of possible use of these 985 
technologies in the field of cultural heritage management and preservation. The potential of 986 
multidisciplinary knowledge and skills combination in this field has been spotted and resulted in 987 
increasing number of collaboration projects involving conservators, art historians, archaeologists, 988 
GIS specialists and photogrammetrists. This gives rise to the hope that cultural heritage preservation 989 
will be more and more efficient. 990 
4.2. The use of GIS in the Museum of King Jan III Palace at Wilanów 991 
The use of Geographic Information System in the Museum of King Jan III’s Palace at Wilanów 992 
started in 2010 and now it is one of several information systems existing in the museum. GIS 993 
provides extensive spatial and descriptive information about the whole museum space as well as its 994 
surroundings in wide range of scales starting with the general information about the park and 995 
palace complex and ending with detailed descriptions of single decorations in the Palace rooms. 996 
Developing a system containing such rich data collection requires participation of experts 997 
specializing in different fields: GIS specialists, photogrammetrists, landscape architects, art 998 
historians and conservators, in order to provide correct and complete information about the objects. 999 
The GIS in the museum runs on an Oracle database. For administering the system, Oracle SQL 1000 
Developer and ArcGIS software are used. The publication of services online is performed by using 1001 
ArcGIS Server. To provide data security, automatic incremental and full backups are performed. 1002 
Data, which are no longer valid, are not permanently deleted from the database, but stored in 1003 
dedicated database schema (OUTDATED). SDE schema serves as a default workspace for each user. 1004 
The system structure is organized in 8 schemas created on one instance of the database – each 1005 
one contains data considering one topic (Figure 21). 1006 
 1007 
Figure 21. The structure of the GIS working in Museum of King Jan III’s Palace. 1008 
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The system stores data about the spatial arrangement of the park and palace complex (GIS 1009 
schema) i.e. characteristics of buildings, gardens, utility infrastructure and events as well as the 1010 
information about the environment parameters and nature (BIO schema, Figure 22f) with the 1011 
accuracy level matching the master map. The GIS schema also contains plans of buildings derived 1012 
from architectural documentation allowing for fast map-making for different purposes like planning 1013 
events and renovation schedule. All data are georeferenced in the national coordinate system 1014 
PL-2000 zone 7 (EPSG: 2178) consistent with the master map and other large-scale maps created in 1015 
Poland. Other schemas functioning in this coordinate system are ARCHEO (Figure 22d) and 1016 
HISTORIC MAPS (Figure 22e). In the ARCHEO schema, the results of archaeological excavations are 1017 
stored along with all relating documentation including profiles, photos, orthoimages and 1018 
archaeologists’ notes while HISTORIC MAPS schema contains scans of 81 archival maps coming 1019 
from 17th, 18th, 19th and 20th century, which were georeferenced in the national coordinate system 1020 
PL-2000 via affine transform. As they are compatible with other data stored in the GIS, they are used 1021 
as source data for wide range of historic analyses, which are necessary for the museum during 1022 
investment planning. The GIS provides rich and detailed information about the decorations 1023 
regarding the Palace and the adjacent building – Markoniówka. INTERIORS (Figure 22c) and 1024 
ELEVATIONS (Figure 22b) schemas store the contours of decoration objects located in rooms and on 1025 
the elevations respectively, along with their descriptions prepared by art historians and conservators 1026 
together with the conservatory documentation and photographs attached. 1027 
 1028 
Figure 22. Examples of map services published online, based on GIS schemas: (a) PARK, (b) 1029 
ELEVATIONS, (c) INTERIORS, (d) ARCHEO, (e) StoryMap "Wilanów then and now" (f) Biodiversity 1030 
(Museum of King Jan III’s Palace at Wilanów). 1031 
As mentioned before, constant monitoring of environment parameters is crucial for proper 1032 
maintenance of cultural heritage objects. The monitoring in the museum is carried out by several 1033 
systems using sensors located both inside the buildings and in the park. These sensors measure 1034 
parameters like temperature, relative humidity or dust in real time. One of these systems, SAVERIS, 1035 
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is integrated with the GIS linking tables containing the measurements’ results with the database. 1036 
This allowed for the creation of map application called MARIWIL, which enables the visualization of 1037 
abovementioned parameters on the map, which is updated automatically every 15 minutes (Figure 1038 
23). The application is available for all GIS users within the institution via web browser. This allows 1039 
for easy access to the data and make it available to take actions necessary to protect the museum 1040 
objects immediately. 1041 
 1042 
Figure 23. The map application MARIWIL – temperature monitoring in the Palace shown on the map 1043 
(Museum of King Jan III’s Palace at Wilanów). 1044 
Photogrammetric products are an integral part of the GIS. The data relating to the whole 1045 
museum area can be projected on high-resolution (GSD = 4 cm and GSD = 3 cm) RGB 1046 
true-orthophotomaps generated from aerial photographs taken from a drone. There are also two 1047 
multispectral true-orthophotomaps consisting of green, red and two near infrared bands. Such 1048 
imagery may be applied by specialists in Garden Department to analyse the condition of 1049 
vegetation-by-vegetation indices as well as to map changes of the South Pound shoreline. On the 1050 
other hand, orthoimages generated from TLS point clouds with RGB information were the basis for 1051 
the separation of decorations in INTERIORS and ELEVATIONS schemas (Figure 24).  1052 
 1053 
Figure 24. Example data contained by (a) ELEVATIONS and (b) INTERIORS schemas, presented on 1054 
the museum’s website (Museum of King Jan III’s Palace at Wilanów). 1055 
Collection and integration of multi-source and multi-temporal data regarding objects located in 1056 
the museum area in one uniform database system allows for multi-criterial spatial and attribute 1057 
queries. It is of great support for the institution management like utility infrastructure development 1058 
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as well as other investments and maintenance of historic buildings and gardens. Moreover, the GIS 1059 
allows for spatial analyses regarding environmental tests performed in the area of the park and 1060 
palace complex. Finally, it is an effective way of data dissemination – it provides basic information 1061 
about the museum to visitors in order to help them plan their trip and makes the information and 1062 
knowledge about the museum and its historical treasures easily accessible. 1063 
5. Conclusions 1064 
Many countries around the world are blessed with particularly rich cultural heritage, which 1065 
require further protection, promotion and maintenance of cultural diversity for the future 1066 
generations. This also contributes to the development of social and cultural wellbeing. Nowadays, 1067 
many researchers explore different methods for documentation, management and sustainability of 1068 
cultural heritage, which have become an interdisciplinary approach to the development of the 1069 
culture. The aim of this article was to demonstrate how modern technologies can change the current 1070 
state of cultural heritage and contribute to its protection and promotion. 1071 
In this study, various existing technologies for appropriate and accurate architectural and 1072 
archaeological documentation for management and suitability of culture heritage based on the case 1073 
study in the Museum of King Jan III’s Palace at Wilanów were investigated. One of the common 1074 
techniques used is a classical surveying. It provides the ground-truth data and a reference for other 1075 
image-based and range-based measurements. This technique is also used to measure object’s shape 1076 
and to determine its location on the Earth’s surface, which is important for monitoring of the 1077 
building’s deflection over the period. Rapid development of modern photogrammetric methods 1078 
enabled easier preparation of architectural documentation. As a result, object documentation based 1079 
on Terrestrial Laser Scanning (TLS) and photogrammetry has become a standard in investigation 1080 
and restoration of historical objects and sites. TLS is an important technique applied for the 3D 1081 
investigation that offers a high accuracy and possibility for measuring billions of 3D points with a 1082 
high level of measurements automation. Modern image-based close-range photogrammetry based 1083 
on the combination of Structure-from-Motion (SfM) and Multi-View Stereo (MVS) allows for digital 1084 
reconstruction of the object to produce metric documentation in a fully automated 3D reconstruction 1085 
process involving simultaneous estimation of camera orientation, self-calibration and dense point 1086 
cloud generation. 1087 
Recently, high attention has been provided to contactless measurements (Remote Sensing) 1088 
focused on detecting and identifying objects as well as exploring their features. One of the 1089 
non-destructive techniques is Ground Penetration Radar (GPR), which provides a complete 1090 
architectural framework of a building to plan conservation, restoration or structural monitoring of 1091 
cultural heritage assets. Among remote sensing techniques, involving the use of both passive and 1092 
active devices, spectral imaging plays a key role. Fiber Optic Reflectance Spectroscopy (FORS) is 1093 
now commonly used as a non-invasive analysis of cultural heritage objects. It is a point-based 1094 
method allowing for the measurement of spectral reflectance in selected points of the object via 1095 
portable devices based on fiber optics. FORS is particularly useful in case of investigation of 1096 
pigments, binders and fiber type of canvas used in paintings and frescoes. The other non-invasive 1097 
techniques are based on X-Ray, namely X-Ray Fluorescence (XRF), X-Ray Diffraction (XRD) and 1098 
X-Ray radiography. XRF and XRD are spot analysis methods allowing for identification of 1099 
characteristic elements contained by object materials, especially pigments, and offer the possibility 1100 
of elemental mapping. 1101 
Spectrofluorimetry (Fluorescence Spectroscopy) is a contactless method aiming to make objects 1102 
(materials, pigments) fluoresce. Spectrofluormetry may be successfully applied in pigment 1103 
identification as well as in detecting hidden drawings and signatures and micro defects such as 1104 
scratches on e.g. varnish layer. Near Infrared Reflectography has proved its usefulness in pigment 1105 
identification and distinguishing replicas and involvement in thermographic analyses. Infrared 1106 
Thermography (IRT) is used to examine the state of cultural heritage objects. IRT is applied either as 1107 
“passive thermography” when only the occurring temperature vibrations of the object are analysed 1108 
or “active thermography” if the registered radiation is emitted by an external source. 1109 
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The final reviewed technique is close-range multispectral and hyperspectral imagery, which is 1110 
predominantly used in research related to flat, 2D objects (e.g. paintings, walls or documents) and as 1111 
a result, it is commonly associated with 2D documentation, e.g. orthoimages, pigment maps or 1112 
simply photographs. 1113 
 It is important to ensure that the collected documentation is appropriately managed, 1114 
stored and maintained. Geographic Information System (GIS) allows for the integration of data and 1115 
information concerning space and objects with their localization. The scope of its possible 1116 
applications starts with geography and life sciences, economics, industry, social sciences and ending 1117 
with extensive use in cultural heritage management and preservation. The possibility to integrate 1118 
GIS and BIM makes the spectrum of applications even wider. 1119 
The presented overview of the methods and techniques commonly uses in the Museum of King 1120 
Jan III’s Palace at Wilanów, might be implemented in another cultural heritage institutions. Using 1121 
different techniques, both for 3D shape reconstruction and condition analysis/ structural health 1122 
analysis (remote sensing techniques) integrated in GIS allows for well documentation, management, 1123 
sustainability and protected of cultural heritage.  1124 
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